R
heumatoid arthritis (RA) is a chronic systemic inflammatory disease that is associated with higher mortality rates than in the general population. 1 Cardiovascular disease (CVD), including heart failure, 1, 2 is the leading cause of death in RA patients. RA patients have a 2-fold higher risk of developing and dying from heart failure compared with individuals without RA, even after adjusting for coronary artery disease (CAD). 3 This observation suggests that factors other than flowlimiting CAD alone may contribute to the pathogenesis of heart failure in RA. 3, 4 However, the causal pathways associated with increased risk for heart failure in RA remain unclear.
In the general population, comorbidities such as obesity 5 are associated with a state of low grade chronic systemic inflammation that is postulated to cause endothelial activation and damage resulting in dysfunction of the myocardial microvasculature. 6 Microvascular dysfunction, in turn, is associated with left ventricle (LV) remodeling with increase in LV mass, and fibrosis, features that predate and predict clinical heart failure. 7 Insofar as RA is a disease of profound and chronic inflammation, we hypothesized that inflammatory pathways in RA may be associated with microvascular dysfunction and adverse changes in LV structure and function, independent of comorbidities, yet there are few data to support this hypothesis to date. 8, 9 Microvascular dysfunction can be indirectly assessed by measuring myocardial blood flow (MBF) before and after vasodilation (ie, stress). Cardiac positron emission tomography-computed tomography (PET-CT) is the gold standard noninvasive test for MBF. 10, 11 The ratio of the MBF measured at maximal vasodilation over the MBF at rest is referred to as myocardial flow reserve (MFR) which is a measure of the vasodilatory reserve of the myocardium. 12 Reduced MFR in the absence of flow-limiting CAD is believed to reflect dysfunction in the myocardial microvasculature. 10, 13 In the current cross-sectional study, we assessed the prevalence of reduced MFR in a cohort of RA patients without clinical CVD and its association with RA characteristics and measures of LV structure and function. We hypothesized that myocardial microvascular dysfunction (reduced MFR) would be detectable in RA patients even in the absence of significant macrovascular disease (CAD), and would be associated with measures of inflammation, and with subclinical measures of LV remodeling such as higher LV mass, independent of conventional cardiovascular risk factors.
METHODS
The data, analytic methods, and study materials will be made available to other researchers for purposes of reproducing the results or replicating the procedure. The material will be available directly from the corresponding author.
Study Design and Population
The study population consisted of participants in the RHYTHM study (Rheumatoid Arthritis Study of the Myocardium), a cohort study to identify and evaluate factors associated with myocardial phenotypes in RA patients without clinical CVD. The RHYTHM study has been previously described in detail. 14 Participants enrolled between October 2011 (start of study) and September 2014 constituted the study population. Participants were recruited from the rheumatology clinics of Columbia University Medical Center and by referral from local rheumatologists. Inclusion criteria included age ≥18 years and fulfillment of the American College of Rheumatology 2010 classification criteria for RA. 15 Exclusion criteria included: (1) any prior self-reported physician diagnosed cardiovascular event (myocardial infarction, angina, stroke or TIA, heart failure, prior cardiovascular procedure [eg, coronary artery bypass graft, angioplasty, valve replacement, and pacemaker]); (2) contraindication to the vasodilators regadenoson and adenosine, such as severe asthma; and (3) active history of cancer.
Because MFR data in healthy controls are sparse and primarily limited to young men, 16 we enrolled a small group of
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non-RA controls using the same inclusion and exclusion criteria as the RA participants other than the RA diagnosis (asymptomatic controls). Given the difficulties in recruiting healthy individuals to a study involving radiation and vasodilation, we also retrospectively queried the Columbia University Medical Center/New York Presbyterian Hospital nuclear medicine database to identify patients who were referred for an NH3-PET-CT study during the period September 2016 to April 2017 (symptomatic controls); patients with a prior history of CAD, myocardial infarction, or heart failure were excluded. The study was approved by the Columbia University Medical Center/New York Presbyterian Hospital Institutional Review Board. All subjects provided written informed consent before enrollment. All data acquired and analyzed in this report are from the baseline visit.
Imaging
Myocardial Perfusion Imaging by 13 
N-Ammonia PET/CT
Patients refrained from caffeine and methylxanthine containing substances and drugs for 24 hours. The patients were studied on an Multidetector Computed Tomography 64 PET/ CT scanner (Siemens, Knoxville, TN). MBF was measured during rest and maximal vasodilation with N-13 ammonia, as a perfusion tracer, as described previously. 17 After transmission images, 10 mCi of intravenous N-13 ammonia was injected, list mode images were acquired for 10 minutes. Approximately 40 minutes later standard intravenous regadenoson or adenosine infusion was given. A second dose of N-13 ammonia was given at maximal vasodilation, and images were acquired in the same manner.
Absolute MBF (mL/g per minute) was calculated from the dynamic rest and stress images with commercially available software (INVIA Corridor4DM; Ann Arbor, MI). Automated factor analysis was used to generate blood pool and tissue time activity curves. Regional and global rest and stress MBFs were computed by fitting the N-13 ammonia time activity curves to a 2-compartment tracer kinetic model. MFR was calculated as the ratio of absolute MBF measured at peak stress (ie, during vasodilator-induced hyperemia) over that at rest (corrected for rate-pressure product as an index of baseline cardiac work). Per previous work, reduced MFR was defined as a ratio of <2.5, moderate reduction of <2.0, and severe reduction of MFR was defined as a ratio of <1.5.
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Coronary Artery Calcium
Coronary artery calcium (CAC) was assessed as a measure of macrovascular (coronary artery) atherosclerosis and quantified using the Agatston method. 19 The presence of CAC was defined as an Agatston score of greater than zero. Given that a CAC score of ≥100 units is a strong predictor of future cardiovascular events, 20 we further dichotomized the patients with a positive CAC score using this cutoff value.
Echocardiography
Transthoracic 2-dimensional and real-time 3-dimensionalechocardiography was performed using a commercially available system (iE 33; Philips, Andover, MA) by a registered cardiac sonographer according to a standardized protocol. LV end-diastolic and end-systolic volume indices, stroke volume, and ejection fraction were measured by realtime 3-dimensional-echocardiography using a commercially available software (Philips QLAB Advanced Quantification Software, version 8.1) as previously described. 21 LV mass was also assessed by real-time 3-dimensional-echocardiography by tracings of endocardial and epicardial borders. Left atrial volume and LV diastolic function were measured by 2-dimensional echocardiography as previously described. 22 Briefly, in apical 4-chamber view, peak early (E), and late velocity (A) of mitral inflow were measured by pulsed-wave Doppler. Peak early diastolic velocity (E′) of the lateral and septal mitral annulus were evaluated by pulsed-wave Tissue-Doppler and averaged. The E/E′ ratio was calculated as an index of LV filling pressure. LV volumes, stroke volume, cardiac output, and LA volume were indexed by body surface area. LV mass was indexed by height 2.7 .
Clinical Characteristics
Demographic and Cardiovascular Characteristics
Demographic, lifestyle characteristics, and non-RA medications were assessed with a structured interview by trained evaluators. Resting blood pressure was measured 3 times in the seated position, and the average of the last 2 measurements was used. Hypertension was defined as a systolic blood pressure of ≥140 mm Hg, a diastolic blood pressure of ≥90 mm Hg, or use of antihypertensive medications. Diabetes mellitus was defined as a fasting serum glucose level of ≥126 mg/dL or use of antidiabetic medications. Body mass index was calculated by dividing the patient's weight (in kilograms) by height (in square meters). RA disease duration was assessed by patient self-report of the date of diagnosis. Forty-four joints were examined for swelling and tenderness by the same trained assessor. RA disease activity was calculated with the Disease Activity Score for 28 joints (DAS28) using CRP (C-reactive protein) level. 23 The Health Assessment Questionnaire was used as a measure of self-reported disability. 24 Current and past use of steroids and biologic and nonbiologic disease-modifying antirheumatic drugs (DMARDs) were queried by detailed, examiner-administered questionnaires.
Laboratory Measurements
Phlebotomy was performed on the morning of the PET/CT scan after an overnight fast. Sera and plasma were separated by centrifugation and frozen at −80°C. Rheumatoid factor was measured by ELISA, with seropositivity defined at a level of ≥40 units (IBL America, Minneapolis, MN). Anti-CCP (anticyclic citrullinated peptide antibody) was measured by ELISA (using the cyclic citrullinated peptide antibody 3 kit), with seropositivity defined at a level of ≥60 units (Inova Diagnostics, Woburn, MA). The levels of CRP and IL (interleukin)-6, and lipid panel were measured in the Biomarkers Core Laboratory of the Columbia University Medical Center Clinical and Translational Research Center (details available at http://irvinginstitute.columbia.edu/resources/ biomarkers_core.html).
Statistical Analysis
In the RA patients only, the first set of analyses was performed to identify patient characteristics independently correlated with MFR; thus, MFR served as the primary outcome. In the second 
Demographic
Mean age, y (SD) 55 (13) 49 (15) 59 (11) 57 (11) 0.029 51 (13) 65 (10) Female, n (%) 60 (79) 22 (85) 16 (62) 22 (92) 0.44 9 (69) 15 (44) Race/ethnicity NonHispanic white, n (%) 32 (42) 16 (62) 11 (42) 5 (21) 0.006 7 (50) 29 (85) NonHispanic black, n (%) 13 (17) 1 (4) 4 (15) 8 (33) 2 (14) 3 (9) Hispanic, n (%) 29 (38) 8 (31) 10 (39) 11 (46) 3 (21) 2 (6) Other, n (%) 2 (3) 2 (4) 2 (4) 0 (0) 0 0
Cardiovascular risk factors
Ever smoker, n (%) 30 (39) 10 (38) 11 (42) 9 (38) 0.94 6 (43) 2 (6) Current smoker, n (%) 6 (8) 1 (4) 3 (12) 2 (8) 0.50 0 1 (3) Hypertension, n (%) 32 (42) 6 (23) 12 (48) 13 (54) set of analyses in RA patients only, the goal was to investigate the association of MFR with myocardial parameters of structure and function; LV mass index (LVMI) served as the primary outcome and other parameters as secondary outcomes. Means and SDs for normally distributed, and medians and interquartile ranges for nonnormally distributed variables, were calculated. For categorical variables, counts and percentages were calculated. Differences in continuous variables between RA groups were compared using Student t tests for normally distributed variables, or the Mann-Whitney U test for continuous nonnormally distributed variables. Categorical variables were compared using the χ 2 goodness of fit test or Fisher exact test, as appropriate. Linear regression was used to model the associations of patient characteristics with MFR. Multivariable models were constructed by including any variable associated with MFR at P<0.2 in univariate models. Parsimonious models were constructed including only covariates that retained P<0.2 in the prior more comprehensive model. Similar methods were used to model the associations of MFR with LVMI. We calculated variance inflation factors to ensure that collinear variables were not comodeled and excluded noncontributory covariates using the Akaike's Information Criterion for nested models. A P value <0.05 was considered significant for final models. All analyses were performed using Stata version 12 (StataCorp, College Station, TX).
RESULTS
Participant Characteristics
RA Patients
A total of 103 RA patients completed both the baseline PET/CT scan and echocardiogram. Twenty-seven patients (26%) were excluded from the analyses as a result of technical difficulties in measuring MBFs because of motion artifact or partial volume effects. Thus, the RA study population consisted of 76 subjects with complete data for MFR and echocardiographic measures. The demographic, RA, and cardiovascular risk factor characteristics of excluded patients were not significantly different from the final participant group, except that they were more likely to be Hispanic and had a higher mean body mass index (Table I in the Data Supplement). The baseline characteristics of the participants are summarized in Table 1 . The majority of participants were middle-aged (mean age 55±13 years) women (79%). The mean body mass index was 27±5.3 kg/m 2 . The prevalences of conventional cardiovascular risk factors were 42%, hypertension; 43%, hyperlipidemia; 11%, diabetes mellitus; and 8%, current smokers. Thirty-eight percent had a CAC score >0, and 21% had a score >100 units.
The median duration of RA was 7 years, and 73% of patients were seropositive for either rheumatoid factor or anti-cyclic citrullinated peptide antiCCP. The mean DAS28-CRP was in the moderate range (3.59 units) while the median Health Assessment Questionnaire score was 1.1, indicating mild-to-moderate disability for most patients. The majority of patients (88%) were on one or more DMARDs. Methotrexate was the most commonly used (62%) nonbiologic DMARD while TNF (tumor necrosis factor) inhibitors accounted for the majority of biologic use (76%) in the 38% who were on biologic DMARDs. Among the 32% of patients who were taking glucocorticoids (prednisone) at the time of data collection, the median daily dose was 5 mg. ; MFR, myocardial flow reserve; RA, rheumatoid arthritis; and RF, rheumatoid factor. *Lowest IL-6 tertile, 0.51-1.53 mg/mL; middle IL-6 tertile, 1.54-3.97 mg/mL; and highest IL-6 tertile, 3.98-35.88 mg/mL.
†The P values were obtained by Student t test for normally distributed variables, and the Mann-Whitney U test for continuous nonnormally distributed variables, comparing the lowest and highest tertiles.
‡RA patients may be on >1 nonbiologic DMARD. Characteristics of the RA patients are also shown as a function of level of IL-6, a key inflammatory cytokine associated with RA pathogenesis and disease activity (Table I) . Patients were compared in univariate analyses according to the highest tertile of IL-6 levels versus the lowest tertile. Compared with those with the lowest IL-6 levels, the group with the highest IL-6 levels had higher CRP levels (P<0.001), higher levels of clinical disease activity (measured by DAS28-CRP, P<0.001), higher levels of disability (measured by the Health Assessment Questionnaire, P=0.007), were more likely to be on prednisone (P<0.001), had a higher mean LVMI (P=0.024), and a nonsignificant trend towards a lower MFR (P=0.07).
Non-RA Controls
Fourteen asymptomatic controls were recruited using the same inclusion and exclusion criteria as the RA participants β coefficients represent the average change in the MFR or LVMI per 1-unit higher value of the independent continuous variable of interest or for those with vs those without the independent dichotomous variable of interest. ACE indicates angiotensin-converting enzyme; AM, morning; BMI, body mass index; CAC, coronary artery calcium; CCP, cyclic citrullinated protein antibody; CRP, C-reactive protein; DAS, disease activity score; HAQ, health assessment questionnaire; HDL, high-density lipoprotein; IQR, interquartile range; IL-6, interleukin-6; LDL, low-density lipoprotein; LVMI, left ventricle mass indexed for height 2.73 ; MFR, myocardial blood flow reserve; RA, rheumatoid arthritis; RF, rheumatoid factor; and TNF, tumor necrosis factor. Table 1 with P values <0.2. Model 2 is a reduced model that includes all significant variables from model 1 in addition to IL-6 given its biologic plausibility. Prob >F is the overall probability for the model evaluated. Unadjusted R 2 is the proportion of variance explained by each model. IL-6 indicates interleukin-6; MFR, myocardial blood flow reserve; RA, rheumatoid arthritis; and TNF, tumor necrosis factor. other than the RA diagnosis. From the nuclear medicine database, we identified 34 symptomatic controls. Not surprisingly, the symptomatic controls were more likely to be men and to have cardiovascular risk factors than the asymptomatic controls or the RA patients (Table 1) .
MBF and MFR in RA Patients
The mean MBF in the RA group was 1.04±0.20 mL/g per minute at rest and 2.92±0.73 mL/g per minute during peak stress, yielding a mean MFR of 2.87±0.75. Twenty-nine percent of RA patients had reduced MFR using a cutoff of <2.5, 12% using a cutoff of <2.0, and 4% had severely reduced MFR (cutoff of <1.5).
Association of RA Patient Characteristics With MFR
Linear regression was used to model the associations of RA patient characteristics with MFR (Table 2) . Characteristics with P values <0.2 were carried into multivariable models shown in Table 3 . As shown in model 2 (Table 3 ) and Figure 1A and 1B, male sex and the highest tertile of IL-6 levels were significantly associated with lower (less favorable) MFR, while TNF inhibitor (but not other biologic) use was associated with higher (more favorable) MFR (Table 3 , model 2, Figure 1C ). Conventional cardiovascular risk factors were not independently associated with MFR in adjusted models nor were cardiovascular pharmacotherapies, including statins, β blockers, and angiotensin-converting enzyme inhibitors (all P values >0.2; Table 3 ). CAC was not associated with MFR in univariate analyses (Table 2) . In a sensitivity analysis in which CAC was added to multivariable model 2 in Table 3 , it did not add to the prediction of MFR (unadjusted R 
Association of MFR With LV Structure and Function
We next evaluated the association of MFR with LVMI. The mean LVMI was 29.5±5.6 g/m 2.7 . None of the participants met criteria for elevated LVMI according to the definition of the American Society of Echocardiography. 25 However, in univariate analyses, there was a strong inverse association of MFR with LVMI, with each unit lower MFR on average associated with 2.1 unit higher LVMI (β: −2.0586, P=0.014; Table 2 ). In addition, several RA characteristics were significantly associated with higher LVMI, including seropositivity for rheumatoid factor or cyclic citrullinated peptide antibody and DAS28 (Table 2) . Non-RA characteristics significantly associated with higher LVMI were higher age, race, higher body mass index, hypertension, and current use of an angiotensin-converting enzyme inhibitor (Table 2) .
Multivariable models showing crude and adjusted associations between patient characteristics and LVMI are summarized in Table 4 . In the most parsimonious model (model 2), MFR remained independently inversely associated with LVMI. Each unit lower MFR was associated, on average, with a 2.3 unit higher LVMI (Figure 2A ). In addition, RA disease activity (DAS28-CRP) remained independently and positively associated with LVMI, as did race and current use of an angiotensin-converting enzyme inhibitor ( Figure 2B) .
We also evaluated the independent association of MFR with other cardiac structure and function parameters, all of which were in the normal ranges except for diastolic dysfunction (present in 49% of the RA Means and 95% CIs are depicted. Adjusted analyses account for gender, log triglycerides, IL-6, and TNF inhibitor use, which were the only covariates independently associated with MFR in the multivariable models. IL-6 indicates interleukin-6. patients; Table 1 ). Similar independent associations of reduced MFR with several of these measures of cardiac structure-specifically, higher left atrial volume index and higher end-diastolic and -systolic volume indexeswere observed (P<0.05 for all; Tables II through IV in the Data Supplement). About functional measures, LV ejection fraction was in the normal range for all patients, and there was no association of MFR with LV ejection fraction, nor with stroke volume or a measure of diastolic dysfunction (E/Eʹ), in univariate analyses (Table II in the Data Supplement). However, there was a small inverse association of MFR with cardiac index in univariate analyses (Table II in the Data Supplement) which remained significant in multivariable analyses (Table VI in the Data Supplement). Sensitivity analyses for the multivariable models in Tables 3 and 4; Tables II through  VI in the Data Supplement, using a forward selection procedure for variables significant at the 0.20 level, were performed and confirmed the above statistically significant associations with only nominal differences in P values (data not shown).
Comparison With Controls
In asymptomatic controls, the mean MBF was 0.94±0.21 mL/g per minute at rest and 2.98±0.66 mL/g per minute during peak stress, yielding a mean MFR of 3.25±0.7. In the symptomatic controls, the mean MBF was 0.85±0.16 mL/g per minute at rest and 2.12±0.39 mL/g per minute during peak stress, yielding a mean MFR of 2.55±0.6 for symptomatic controls. While the mean MFR of the RA patients was numerically closer to that of the symptomatic controls, and less than that of asymptomatic controls, there were no statistically significant differences between the various groups after adjustment for hypertension and sex, the only variables significantly associated with MFR in the multivariable model ( Figure 3 ).
DISCUSSION
Coronary arterial microcirculation to the myocardium cannot be assessed on routine coronary angiography. However, its functional (vasodilatory) capacity can be inferred indirectly from the measurement of MBF and MFR, which, in the absence of significant macrovascular (coronary artery) disease, is assumed to represent microvascular perfusion. The current study is the largest to date of MBF and MFR in RA, which allowed a detailed assessment of associations of RA characteristics with MFR. It is also the first study in RA to evaluate the association of MFR with subclinical measures of LV structure and function. The major findings in this study are that reduced MFR was prevalent in ≈30% of RA patients, that lower MFR was associated with measures of inflammation independent of conventional cardiovascular risk factors and CAC, and that lower MFR was independently associated with higher LVMI and higher volumes. We also found that RA patients had a mean MFR that was comparable to non-RA symptomatic controls referred for clinical NH3 PET-CT studies.
In the general population, it is hypothesized that a proinflammatory state associated with aging and comorbidities, such as diabetes mellitus and obesity, is the first in a sequence of events associated with endothelial and microvascular dysfunction which in turns promotes LV hypertrophy, remodeling, and stiffness, leading to heart failure. 6, [26] [27] [28] [29] There is growing evidence that RA patients without clinical CVD have a higher prevalence of endothelial dysfunction than matched non-RA controls, 30 even at the early stages of disease. Table 2 where any variable with a P<0.2 was included. BMI was not included because of collinearity with LVMI which is indexed by height. Model 2 is a reduced model that includes all of the covariates from model 1 with P values <0.2. ACE indicates angiotensinconverting enzyme; BMI, body mass index; CAC, coronary artery calcium; CCP, cyclic citrullinated protein antibody; CRP, C-reactive protein; DAS, disease activity score; HAQ, health assessment questionnaire; HDL, highdensity lipoprotein; IL-6, interleukin 6; LVMI, left ventricle mass indexed for height 2.73 ; MFR, myocardial blood flow reserve; RA, rheumatoid arthritis; and RF, rheumatoid factor.
However, studies assessing microvascular dysfunction at the myocardial level in RA are rare and limited to a small number of patients. 8, 9, 31, 32 The recognized gold standard methodology for noninvasive assessment of microvascular dysfunction is cardiac PET-CT which provides accurate and reproducible quantification of MBF. 11 This modality has been applied to RA patients in only one prior study 9 wherein a combined group of 13 SLE and 12 RA patients with ≤1 cardiovascular risk factor and minimal to no CAD had a 34% lower mean MFR than a healthy control group. 9 This study was too small to investigate the association of MFR with LV structure and function, or with patient characteristics other than disease duration. MBF can also be quantified by magnetic resonance imaging with first pass gadolinium but these authors are not aware of any published data using this quantitative technique in RA. There is one small study in which 2 of 18 RA patients 8 had qualitatively assessed first pass defects in gadolinium perfusion that did not map to the territory of a coronary artery, suggesting microvascular disease.
In our RA patients without clinical CVD, nearly 30% of patients had reduced MFR (<2.5). MFR measurements in healthy controls are sparse, but a recent study in 77 healthy men (mean age 36±4) reported a mean MFR of 4.1±1.3 and <1% had MFR <2.5. 16 Historical data in patients suspected of CAD indicate that an MFR<2.5 may reflect 2 possibilities: (1) coronary artery stenosis >50% or (2) microvascular dysfunction in the absence of significant stenosis on coronary artery angiography. 18 Although we did not perform coronary angiography to rule out coronary artery stenosis, the vast majority of our RA cohort had no, or mild, coronary atherosclerosis as measured by CACs of 0 or <100, respectively; moreover, adjustment for CAC score did not alter the relationships of MFR to IL-6 or TNF inhibitor use. Thus, we speculate that the low MFRs in our RA patients more likely reflect microvascular disease. Interestingly, the mean MFR in our RA cohort was similar to non-RA controls referred for clinical PET-CT scans (symptomatic controls), despite the non-RA controls having higher levels of conventional cardiovascular risk factors, older age, and greater proportion of men. The highest mean MFR was in the non-RA controls who were recruited using the same criteria as the RA group (the asymptomatic controls). Although their mean MFR was arithmetically higher than that of the RA group, it did not reach statistical significance.
In the general population, cardiovascular risk factors are associated with lower MFRs. 33 In our RA patient population, we confirmed the association of lower MFR with male gender, as previously reported in the general population. 34 Interestingly, there was no association of MFR, in either univariate or multivariable analyses, with other conventional cardiovascular risk factors, such as tobacco use, hyperlipidemia, or diabetes mellitus, which are known to be associated with microvascular dysfunction in the general population. 12 These findings suggest the possibility that microvascular dysfunction in the RA population may be driven, at least in part, by determinants other than conventional cardiovascular risk factors.
In the general population, elevated levels of circulating proinflammatory cytokines, particularly IL-6 and TNF, are independent predictors of the incidence and severity of heart failure 35, 36 and have been implicated in the pathogenesis of endothelial and microvascular dysfunction. [37] [38] [39] Our data in this RA cohort showed lower MFRs in patients with the highest IL-6 levels and higher MFRs in those receiving inhibitors of TNF. These observations are consistent with inflammation being a determinant of microvascular disease in RA and are consistent with several small interventional studies reporting improvement of endothelial dysfunction with anti-TNF therapy. [40] [41] [42] [43] However, because our study was cross-sectional, causality cannot be inferred. Prednisone, which is known to be atherogenic, was not associated with lower MFR in this cohort but residual confounding cannot be ruled out. Likewise, an association of each DMARD class with MFR could not be evaluated due to small numbers.
We performed echocardiography in our RA participants to assess whether lower MFR was associated with measures of LV remodeling. In the general population, increased LVMI in particular has been identified as a subclinical phenotype of LV remodeling in the pathway to the development of heart failure. 44 The association of myocardial microvascular dysfunction with LV remodeling is hypothesized to be triggered by inflammation-induced endothelial injury 45, 46 which results in cardiomyocyte hypertrophy, 26 concentric LV remodeling, and LV wall stiffness. 26 These same echocardiographic findings are also reported in a significant proportion of RA patients without clinical CVD. [26] [27] [28] Progressive increase in LVMI precedes heart failure in the general population, and is a potent predictor of sudden cardiac death, even in subsets with normal ejection fraction. 47, 48 We observed a statistically significant association of lower MFR with higher LVMI in our RA cohort, although none of the LVMIs met cutoff levels for high LVMI. 25 That we observed similar independent associations of reduced MFR with other structural LV parameters, namely with higher LV end-diastolic and -systolic volumes, further supports an association of microvascular dysfunction with LV remodeling in RA.
Our results did not show a significant association of lower MFR with most measures of systolic and diastolic function, except for a modest relationship with cardiac index. This may reflect a true lack of association or that structural changes precede functional changes; indeed, we excluded patients with clinical heart failure.
The strengths of our study are the relatively large sample size, use of the gold standard for quantifying MBF, concomitant assessment of sensitive measures of subclinical cardiac structure and function, and concomitant assessment of a measure of severity of CAD. Another strength is the inclusion of patients with and without cardiovascular risk factors, as well as patients with early and late RA, thus accurately reflecting the population of RA patients managed in clinical practice.
There are several limitations to our study. Because of the cross-sectional nature of our study design, we could not assess a causative link between microvascular dysfunction and LV mass. Our patients did not undergo coronary angiography to rule out flow-limiting CAD, however, we measured CAC which is a validated surrogate measure of atherosclerosis. Despite statistical adjustments, there may be residual confounding by medications and unmeasured variables.
CONCLUSIONS
Reduced MFR was prevalent in approximately one-third of RA patients and was associated with a higher LVMI, as well as measures of inflammation independent of conventional cardiovascular risk factors. Whether these factors, in turn, contribute to the increased risk for heart failure in patients with RA compared with controls will require large longitudinal studies.
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